Context: Preeclampsia is a leading cause of fetal and maternal morbidity and mortality during pregnancy. Although the etiology of preeclampsia is unknown, preeclampsia offspring have increased risks of developing cardiovascular disorders in adulthood, implicating that preeclampsia programs fetal vasculature in utero.
P
reeclampsia is a leading cause of fetal and maternal morbidity and mortality during human pregnancy, which accounts for ;50,000 to 75,000 maternal deaths worldwide per year (1) . Preeclampsia occurs in 3% to 8% of all pregnancies and is associated with hypertension and proteinuria during pregnancy (2) . Although the etiology of preeclampsia is unknown, it is considered to manifest as a maternal endothelial disorder (3, 4) . However, emerging evidence indicates that preeclampsia also has adverse impacts on fetal endothelial function, such as defective cell permeability (5) , Ca 2+ responses and nitric oxide production (4, 6, 7), all of which are associated with peptide growth factorsinduced endothelial function (8, 9) . More importantly, offspring from preeclampsia exhibit increased risk of developing cardiovascular disorders later in life (10, 11) , implying that preeclampsia may also program fetal endothelial function in utero for life-long deleterious hemodynamic consequences.
MicroRNAs (miRNAs) are a class of small noncoding RNAs that mainly function as posttranscriptional regulators of gene expression by sequence-selective targeting of messenger RNAs, leading to degradation of messenger RNA or repression of translation (12) . Although miRNAs are involved in the regulation of human placental development (13, 14) and numerous aspects of endothelial function including angiogenesis (15) , the function of miRNAs in human fetal endothelial cells is poorly defined. Several recent studies have suggested that miRNAs play important roles in regulating placental development and function (13, (16) (17) (18) . In addition, the dysregulation of miRNAs has been linked to many pregnancy disorders including preeclampsia (19) . To date, most of our knowledge about preeclampsia-associated miRNAs is based on studies utilizing whole placental tissue and maternal blood (14, (16) (17) (18) . Thus, the exact role of miRNAs in endothelial dysfunction, a hallmark of the pathogenesis of preeclampsia, remains unclear.
Endothelial function is tightly regulated by peptide growth factors, such as vascular endothelial growth factor A (VEGFA) and fibroblast growth factor 2 (FGF2), which are key regulators of placental angiogenesis and vasodilation (20, 21) . PE significantly alters the levels of VEGFA (22) and FGF2 (23) in human placenta. Both VEGFA and FGF2 regulate cellular responses primarily by activation of a cascade of protein kinases, including mitogenactivated protein kinase 3/1 [also known as extracellular signal-regulated kinase (ERK)1/2] and v-akt murine thymoma viral oncogene homolog 1 (AKT1) (20, 21) . In addition, we have previously reported that VEGFA-and FGF2-induce activation of ERK1/2 and AKT1 in human umbilical vein endothelial cells (HUVECs), which is a classical cell model for studying human endothelial cells, particularly for fetal endothelial cells (24, 25) .
In the current study, we hypothesize that preeclampsia dysregulates expression profile of endothelial functionassociated miRNAs in fetal endothelial cells, which disturbs the VEGFA-and FGF2-induced endothelial function using HUVECs as a model. Specifically, we compared the expression profile of 1008 miRNAs between unpassaged (P0) HUVECs freshly isolated from normotensive (NT) and preeclamptic (PE) pregnancies using a human miRNome polymerase chain reaction (PCR) array (miScript miRNome miRNA PCR Array; Qiagen, Valencia, CA) and further confirmed using quantitative reverse transcription PCR (RT-qPCR). Bioinformatics analysis was performed on the confirmed differentially expressed (DE)-miRNAs and their target genes to predict the pathways and biological processes that might be dysregulated in PE vs NT P0-HUVECs. Selected DE-miRNAs of interest were knocked down in cultured NT-HUVECs to further explore their roles in regulating the ERK1/2 and AKT1 pathways, as well as cell migration, cell proliferation, and cell monolayer integrity in response to VEGFA and FGF2.
Material and Methods

Isolation and characterization of HUVECs
Tissue collection procedures were approved by the Institutional Review Boards of Meriter Hospital and the University of Wisconsin-Madison Health Sciences. The obstetric clinicians at the Meriter Hospital Birth Center where umbilical cords were collected made the clinical diagnosis of NT and PE. PE was defined according to the standard criteria (26) .
The HUVECs were isolated from umbilical veins immediately after cesarean-section delivery from NT and PE (Table 1) and purified after 16 hours of culture (Supplemental Methods) as described (24, 27) . The majority of cells [referred as passage 0 (P0) HUVECs] were immediately frozen in liquid nitrogen until total RNA and miRNA isolation. Approximately 10% of the cells were used for the acetylated low-density lipoprotein labeled with 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl-indocarbocyanine perchlorate uptake assay (Supplemental Methods) to validate the purity of each cell preparation (27) . Only cell preparations exhibiting acetylated low-density lipoprotein labeled with 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl-indocarbocyanine perchlorate uptake $96% were used.
RNA isolation and quality control
Total RNA samples with enriched small RNA (,200 nucleotides) portion including miRNAs were isolated from HUVECs using the miRNeasy Mini Kit (Qiagen). The concentration and quality of each RNA sample were assessed using NanoDrop™ ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Agilent 2100-bioanalyzer (Agilent Technologies, Santa Clara, CA). Only RNA samples with high RNA integrity number (.8.5) were used in this study.
Screening and verification of differentially expressed miRNAs Between NT and PE P0 HUVECs
Screening of DE-miRNAs between P0 HUVECs isolated from NT and PE (Table 1 ; n = 3 individual cell preparations/ group) was performed using the human miScript miRNome PCR Array (Qiagen), which contained a total of 1008 mature miRNAs (Supplemental Methods). All DE-miRNAs identified by the miRNome PCR Array were validated by RT-qPCR (Supplemental Methods and Supplemental Table 1 ) using a separate set of NT and PE P0-HUVECs (Table 1 ; n = 6).
Bioinformatics analysis
Further miRNA-targeted gene/pathway enrichment analyses were performed on the confirmed DE-miRNAs using the DI-ANA Tools (DIANA-TarBasev7.0, -mirPathv.3, and -microT-CDS software) (28) and Kyoto Encyclopedia of Genes and Genomes pathway database. The enriched pathways were determined by the Fisher's exact test with false discovery rate (FDR) P value correction for multiple testing (28) .
Knockdown of miR-29a/c-3p in NT-HUVECs
MiRNome PCR Array and RT-qPCR analyses showed that miR-29a-3p and miR-29c-3p were significantly downregulated in PE vs NT P0-HUVECs. In addition, bioinformatics analysis suggested that miR-29a-3p and miR-29c-3p regulate many endothelial function-associated pathways. Hence, in this study we focused on dissecting roles of miR-29a-3p and miR-29c-3p in regulating fetal endothelial function using HUVECs as a model.
Due to the limited cell number of P0-HUVECs from each preparation (;3 3 10 5 -1 3 10 6 /preparation), we used passages 3 to 4 NT-HUVECs preparations pooled from five individuals as described (27) for all miRNA knockdown and following cell functional assays in this study.
Knockdown of miRNAs (Supplemental Methods) was performed using miScript miRNA Inhibitors [Qiagen, referred as miRNA-(i)], which are chemically synthesized and modified single-strand RNAs that specifically bind and inhibit each target miRNA (29) . Cells transfected with only the transfection reagent and miScript inhibitor negative control (NC) were used as the vehicle and NCs, respectively (29) . RT-qPCR (Supplemental Methods) was used to verify efficiency of miRNA knockdown (n = 3 per group).
Western blot analysis
HUVECs were transfected with vehicle, NC, and miRNA-(i) for 24 hours. After 16 hours of serum starvation in endothelial culture medium (ECM)-basal (ECM-b, serum-free, ScienCell Research Laboratories, Carlsbad, CA; control), HUVECs were treated with ECM (ECM-b supplemented with 5% fetal bovine serum and 1% endothelial cell growth supplement), VEGFA (10 ng/mL, category number 80006-RNAB, Sino Biological, China), and FGF2 (10 ng/mL, category number 10014-HNAE, Sino Biological) for 10 minutes and immediately processed to protein isolation followed by western blot analysis (n = 4, Supplemental Methods and Supplemental Table 2 ) (22, 24) .
Cell functional assays
Cell functional assays were performed on HUVECs that were transfected with vehicle, NC, and miRNA-(i) (Supplemental Methods). Cell migration was assessed using the scratch healing assay (n = 4) (30). Cell proliferation was assessed by the methylthiazolyl tetrazolium assay (n = 6) using the methylthiazolyl tetrazolium assay kit (Cayman Chemical, Ann Arbor, MI) as described (31) . Cell monolayer integrity was determined using the ECIS Zu+ 96-well array station (Applied BioPhysics, Troy, NY) using 96W10E+ plates (n = 4) (32).
Statistical analyses
SigmaPlot software (Jandel Co., San Rafael, CA) was used for statistical analyses. Data are represented as the median 6 standard deviation (SD). Data analyses were performed using the Mann-Whitney rank sum test and Kruskal-Wallis test when appropriate. Differences were considered to be statistically significant when P , 0.05. Benjamini and Hochberg FDR (33, 34) adjustment was used for multiple comparison correction when appropriate.
Results
Differentially expressed miRNAs Between NT and PE P0-HUVECs and bioinformatics analysis
Among the 1008 miRNAs examined in human miRNome PCR Array analysis, 930 were detected in both NT and PE P0-HUVECs (Supplemental Table 3 ). Compared with NT, 23 DE-miRNAs (P , 0.05, fold change .|2|) (34) were identified in PE P0-HUVECs (Supplemental Table 3 ). All of these DE-miRNAs were further verified using miRNA RT-qPCR with a separate set of NT and PE P0-HUVECs samples. Among the 23 DE-miRNAs, 16 displayed the same trend of differential expression between miRNome PCR Array and miRNA RT-qPCR analyses [ Fig. 1(a) ], all of which were downregulated in PE vs NT P0-HUVECs. In addition, two DE-miRNAs (miR-2116-5p and miR-374c-5p) were not detectable in most samples in miRNA RT-qPCR analysis, and five exhibited inconsistent trends between miRNome PCR Array and miRNA RT-qPCR analyses. Among the 16 confirmed DE-miRNAs, 3 were with borderline P values (0.05 , P , 0.1) in miRNA RT-qPCR analysis [ Fig. 1(a) ]. Specifically, all three members of miR-29 family (29a/b/c) were expressed in NT and PE P0-HUVECs [ Fig. 1(a) ]. In both miRNome PCR Array and miRNA RT-qPCR analyses, miR-29a-3p and miR-29c-3p (referred as miR29a/c-3p) were downregulated (P , 0.05) in PE vs NT P0-HUVECs [ Fig. 1(a) ]. The level of miR-29b-3p was decreased in PE vs NT P0-HUVECs with a borderline P value in miRNA RT-qPCR analysis, although this decrease reached significant (P , 0.05) in miRNome PCR Array analysis [ Fig. 1(a) ]. Bioinformatics analyses of these 16 confirmed DEmiRNAs and their targeted genes identified 25 enriched pathways [FDR adjusted P , 0.05; Fig. 1(b) , Supplemental Table 4 ] indicating dysregulations of these pathways in PE HUVECs. Specifically, the 16 DE-miRNAs were enriched with miRNAs that regulate key endothelial functionassociated signaling pathways including Estrogen signaling pathway (10 DE-miRNAs), transforming growth factor (TGF)-b signaling pathway (10 DE-miRNAs), Focal adhesion (12 DE-miRNAs), and PI3K-AKT signaling pathway . Among all PE-downregulated miRNAs, miR-29a/c-3p were predicted to be associated with all 25 enriched pathways. In addition, VEGFA was predicted to be a regulation target of both miR-29a/c-3p. Further Gene Ontology analysis revealed that many members of the FGF receptor pathway were regulation targets of miR-29a/c-3p, whereas FGF2 is not a direct regulation target of miR-29a/c-3p (Supplemental Table 5 ). As dysregulation of miR-29a/c-3p is associated with severe cardiovascular diseases such as cardiac fibrosis (35) and heart failure (36) in adults, we focused on exploring the effect of miR-29a/c-3p on endothelial function in this study.
Knockdown of miR-29a/c-3p
To evaluate the efficiency of miR-29a/c-3p knockdown, RT-qPCR analysis was performed in passages 3 to 4 NT-HUVECs (Fig. 2) . The 50-nM miR-29a-3p inhibitor [miR-29a-3p(i)] decreased (P , 0.05) miR-29a-3p levels by 12% and 23% at 48 and 72 hours, respectively, whereas it did not change miR-29c-3p levels in HUVECs up to 72 hours [ Fig. 2(a) ]. The 100-nM miR29a-3p(i) effectively decreased (P , 0.05) both miR-29a/ c-3p levels by about 60% at 24 hours, and this inhibitory effect maintained up to 72 hours [ Fig. 2(a) ]. The 50-nM miR-29c-3p inhibitor [miR-29c-3p(i)] also decreased (P , 0.05) both miR-29a/c-3p levels by about 60% at 24 hours, and this inhibitory effect maintained up to 72 hours in HUVECs [ Fig. 2(b) ]. The 100-nM miR-29c-3p(i) decreased (P , 0.05) miR-29a/c-3p levels by about 80% at 24 hours; the inhibition was further enhanced to about 90% at 48 hours and maintained up to 72 hours in HUVECs [ Fig. 2(b) ]. Because miR-29c-3p(i) at 100 nM exhibited the most significant and stable inhibition on both miR-29a/c-3p levels, this dose was used for miR-29a/c-3p knockdown in cell functional assays described next.
Knockdown of miR-29a/c-3p reduces the FGF2-induced AKT1 phosphorylation
We examined the effects of miR-29a/c-3p knockdown on activation of the PI3K-AKT1 and ERK1/2 pathways, both of which are critical in regulating endothelial function in HUVECs (8, 20, 21, 24, 37) . Compared with control, 10 minutes of VEGFA (10 ng/mL) and FGF2 (10 ng/mL) treatments increased (P , 0.05) the phosphorylated (P)-AKT1/total (T)-AKT1 ratio in cells treated with vehicle and NC [ Fig. 3(a) and 3(b) ]. The VEGFAinduced P-AKT1/T-AKT1 ratio was slightly decreased in cells with miR-29c-3p(i) treatment, but this decrease was Figure 2 . Efficiency of (a) miR-29a-3p and (b) miR-29c-3p knockdown in NT-HUVECs. Subconfluent HUVECs were transfected with miR-29a-3p(i), miR-29c-3p(i), or miRNA-(i) NC. The miRNA levels were determined using miRNA RT-qPCR. Data normalized to housekeeping genes are expressed as median 6 SD fold of NC at each corresponding time point.
Ɣ
Differ (P , 0.05, Kruskal-Wallis test) from 0 hours, n = 3. not statistically significant. In contrast, the FGF2-induced increases in P-AKT1/T-AKT1 ratio were completely blocked by the miR-29c-3p(i) treatment.
Compared with control, 10 minutes of VEGFA and FGF2 treatments significantly increased (P , 0.05) the P-ERK1/2/T-ERK1/2 ratio in cells treated with vehicle, NC, and miR-29c-3p(i) [ Fig. 3(a) and 3(c) ]. In comparison with the vehicle and NC groups, miR-29c-3p(i) did not changed the relative ERK1/2 phosphorylation in HUVECs.
Knockdown of miR-29a/c-3p inhibits the VEGFA-and FGF2-induced cell migration
Results of the scratch healing assay are shown in Fig.  4(a) . Compared with vehicle and NC, knockdown of miR-29a/c-3p alone did not significantly alter the cell migration after 20 hours of ECM-b treatment (control). Compared with control, both VEGFA and FGF2 increased (P , 0.05) cell migration by approximately twofold. Knockdown of miR-29a/c-3p substantially inhibited (P , 0.05) the VEGFA-induced cell migration by 44%, while it completely abrogated (P , 0.05) the FGF2-induced cell migration.
Knockdown of miR-29a/c-3p does not affect the VEGFA-and FGF2-induced cell proliferation
After 42 hours of treatment, ECM induced (P , 0.05) the cell proliferation by threefold; VEGFA at 10 ng/mL and 100 ng/mL stimulated (P , 0.05) cell proliferation by 1.3-to ;1.4-fold; and FGF2 at 10 ng/mL and 100 ng/mL induced (P , 0.05) the cell proliferation by 1.4-to ;1.6-fold. However, miR-29c-3p(i) did not significantly alter ECM-, VEGFA-, and FGF2-stimulated cell proliferation compared with vehicle and NC [ Fig. 4(b) ].
Knockdown of miR-29a/c-3p does not affect the FGF2-strengthened and VEGFA-weakened monolayer integrity in HUVECs
Both ECM [ Fig. 5(a) ] and FGF2 [ Fig. 5(b) ] progressively increased (P , 0.05) the electrical resistance of the monolayer of cells, indicating strengthened cell monolayer integrity in a time-dependent manner. Specifically, ECM and FGF2 significantly increased (P , 0.05) the electrical resistance after 2 hours of treatment, and this stimulatory effect was continuously elevated, reaching 164% and 169% of time 0, respectively after 25 hours of treatment. In contrast, VEGFA [100 ng/mL; Fig. 5(c) ] decreased (P , 0.05) the electrical resistance by 16% after 6 hours, and this effect was maintained up to 25 hours. No significant difference was observed among cells transfected with vehicle, NC, and miR29c-3p(i) within all treatment groups (ECM, FGF2, and VEGFA).
Discussion
Preeclampsia is characterized by impaired maternal endothelial function including endothelial proliferations and vasodilator production (4-7). Although little is known about preeclampsia-associated fetal endothelial dysfunction and its underlying mechanisms, PE-offspring exhibit increased risk of developing cardiovascular disorders (such as stroke) later in life (10, 11) . In addition, preeclampsia adversely affects Ca 2+ responses and nitric oxide production in fetal endothelial cells (4, 6, 7) . In this study, we identified a set of preeclampsia-associated DEmiRNAs in highly purified, P0 fetal endothelial cells, which might closely mimic the status of fetal endothelial cells in vivo. We also demonstrated (1) the 16 DE-miRNAs including miR-29a/c-3p were all downregulated in PE vs Figure 3 . Effects of miR-29a/c-3p knockdown on the FGF2-and VEGFA-induced phosphorylation (P) of AKT1 and ERK1/2. After a 24-hour treatment with vehicle, NC, and miR-29c-3p(i), followed by a 16-hour serum starvation, HUVECs were treated with ECM-b (control), VEGFA (10 ng/mL) or FGF2 (10 ng/mL) for 10 minutes. Protein samples were subjected to western blotting. (a) Representative blots of P-AKT1, T-AKT1, P-ERK1/2, T-ERK1/2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Effects of miR-29a/c-3p knockdown on FGF2-and VEGFAinduced relative AKT1 (b) and ERK1/2 (c) phosphorylation (P-AKT1/T-AKT1 and P-ERK1/2/T-ERK1/2, respectively). Data are expressed as median 6 SD fold of corresponding control within the same transfection treatment (n = 4). Kruskal-Wallis test was performed.
# Differ (P , 0.05) from control group with vehicle treatment; *differ (P , 0.05) among transfection treatment groups.
NT P0-HUVECs, which predicted to be associated with dysregulation of many key signaling pathways; (2) knockdown of miR-29a/c-3p inhibited the FGF2-induced relative AKT1 phosphorylation in HUVECs; and (3) knockdown of miR-29a/c-3p greatly inhibited the VEGFA-and FGF2-induced endothelial cell migration in HUVECs. These data indicate that preeclampsia dysregulates an array of miRNAs that may play important roles in fetal endothelial function. Additionally, our current data suggest that downregulation of miR-29a/c-3p impairs the VEGFA-and FGF2-stimulated fetal endothelial cell migration, the latter of which is associated with decreased activation of the AKT1 signaling pathway.
To date, little is known about PE-associated DEmiRNAs in fetal endothelial cells and effects of these miRNAs on fetal endothelial function. Previous genomewide miRNA profiling studies have identified several sets of DE-miRNAs in PE placentas (14, (16) (17) (18) . However, these sets of DE-miRNAs are highly variable, possibly due to the heterogeneity of methodologies used in tissue collection and analysis among different studies. It is difficult to assess the quantitative changes and roles of miRNAs in any single cell type in the placenta when DEmiRNAs are identified from whole placentas. In contrast, we identified a set of 16 PE-associated DE-miRNAs in a single population of HUVECs. Among these miRNAs, miR-101-5p (38), miR-1293 (39), miR-146a-5p (14), miR-192-5p (14) , miR-29a-3p (19, 40) , miR-29b-3p (41), and miR-744-3p (40) have been previously linked to preeclampsia in different tissues including cord blood (38) , maternal plasma (19) , and placentas (14, 40) . To our knowledge, this is the first reported study that relates these miRNAs with preeclampsia in P0-HUVECs. More importantly, this is the first report, to our knowledge, that connects differential expression of miR-219a-1-3p, miR-29c-3p, miR-3186-5p, miR-337-3p, miR-369-5p, miR-4288, miR-551b-3p, miR-598-3p, and miR-617 with preeclampsia. These results indicate the existence of fetal endothelial cells-specific dysregulation of miRNAs in preeclampsia.
It is noted that all 16 DE-miRNAs identified in this study were downregulated in PE vs NT P0-HUVECs. The mechanism underlying this downregulation is unknown. However, it is possible that multiple factors, including dysregulation of growth factors and cytokines as well as hypoxia, could be involved, as they are associated with development of preeclampsia (4, 6, 7) . Moreover, given that miRNAs mainly function as negative posttranscriptional regulators of their target genes (42) , downregulation of these miRNAs might increase expression of their direct target genes and potentially lead to fetal endothelial dysfunction in preeclampsia (4, 6, 7) .
Bioinformatics analyses of the 16 PE-downregulated miRNAs predicted that many endothelial functionassociated signaling pathways are dysregulated in PE P0-HUVECs compared with NT P0-HUVECs, including estrogen signaling pathway (43) , TGF-b signaling pathway (44) , Focal adhesion (45), and PI3K-Akt signaling pathway (20, 46) [ Fig. 1(b) ]. These pathways are important in regulating pregnancy-associated cardiovascular adaptations in normal vascular development and various aspects of endothelial function, such as proliferation, migration, and endothelial monolayer integrity. It is possible that these DE-miRNAs contribute to the preeclampsia-associated endothelial dysfunction via dysregulating these endothelial function-associated pathways. Specifically, miR-29a/c-3p was associated with all of the pathways that were predicted to be dysregulated in PE vs NT P0-HUVECs [ Fig. 1(b) ]. This prediction strongly supports the notion that miR-29a/c3p might be key miRNAs involved in dysregulation of fetal endothelial function in preeclampsia.
Altered expression of the miR-29 family is associated with cardiac fibrosis (35) and heart failure (36) in adults. The miR-29 family is expressed in human endothelium and regulates many aspects of angiogenesis (47) (48) (49) . For instance, miR-29a overexpression enhances seruminduced cell proliferation and cell cycle process while miR-29a suppression inhibits cell proliferation (47) and completely blocks TGF-b1-stimulated angiogenesis via the AKT signaling pathway (48) in HUVECs. In addition, overexpression of miR-29a also promotes angiogenesis in vivo (48) . As VEGFA (50) and many members of the FGF receptor pathway are regulation targets of miR-29a/c-3p (Supplemental Table 5 ), miR-29a/c-3p downregulation is likely to disturb the VEGFA-and FGF2-induced fetal endothelial function in preeclampsia. To elucidate the effect of miR-29a/c-3p downregulation on different aspects of fetal endothelial function, we performed cell functional assays on preestablished NT-HUVECs (24, 27) with miR-29a/c-3p knockdown. Our present findings extend the role of miR-29a/c-3p in the regulation of VEGFA-and FGF2-induced cellular responses in HUVECs.
Consistent with our previous reports (24, 27) , our current data show that VEGFA and FGF2 significantly induced the AKT1 and ERK1/2 protein phosphorylation in HUVECs. AKT and VEGF are direct regulation targets of miR-29c, and overexpression of miR-29c inhibits the total VEGF and phosphorylation of AKT under serumfree condition (49) . Since miRNAs function as negative posttranscriptional regulators, it is unsurprising that knockdown of miR-29a/c-3p does not change the relative phosphorylation of AKT1 in HUVECs under serum-free condition. Importantly, miR-29a/c-3p knockdown specifically inhibited the FGF2-induced relative phosphorylation of AKT1 protein (P-AKT1/T-AKT1 ratio; indicative for AKT1 activation). This observation is in agreement with our current bioinformatics analyses showing that the PI3K/AKT signaling pathway is a regulation target of miR-29a/c-3p [ Fig. 1(b) ]. These data suggest that miR-29a/c-3p may regulate the FGF2-induced endothelial function through the AKT1 pathway. Our data also revealed that miR-29a/c-3p knockdown did not significantly change phosphorylation of ERK1/2 (P-ERK1/2 /T-ERK1/2 ratio). In addition, the ERK1/2 pathway was not predicted as an enriched pathway among preeclampsia-induced DE-miRNAs in our bioinformatics analysis. It is reasonable to conclude that miR-29a/c-3p knockdown does not affect the ERK1/ 2 pathway in HUVECs. Thus, miR-29a/c-3p may play important roles in the FGF2-induced activation of AKT1, but not the ERK1/2 pathway in preeclampsia HUVECs. Although miR-29a/c-3p knockdown partially inhibited the VEGFA-induced cell migration, our data suggest that this inhibition is independent of AKT1 and ERK1/2 pathways in HUVECs.
The fact that miR-29a/c-3p knockdown inhibited FGF2-and VEGFA-induced cell migration in HUVECs indicates that miR-29a/c are proangiogenic, which is consistent with previous findings (47, 48) . These data are also in line with a previous report that miR-29c overexpression promotes the cell migration in HUVECs under serum-free condition (49) . Notably, these results indicate that although miR-29a/c-3p are important in the VEGFA-induced cell migration, they are required for FGF2-induced cell migration in HUVECs. In addition, though overexpression of miR-29a (47) and miR29c (49) both promote cell proliferation in HUVECs under serumfree condition, knockdown of miR-29a/c-3p did not change basal cell proliferation in HUVECs in the current study. It is noteworthy that miR-29a/c-3p knockdown only significantly affected the VEGFA-and FGF2-induced cell migration, but not cell proliferation and monolayer integrity in HUVECs, suggesting that miR29a/c-3p differentially regulate different aspects of fetal angiogenesis.
A limitation of our study is that the sample sizes in this study are relatively small. In addition, all miRNA knockdown studies were performed in passages 3 to 4 NT-HUVECs. Because NT-HUVECs, but not PE-HUVECs, should maintain many of their original phenotypes in culture as reported (5, 51) .
Conclusions
Preeclampsia downregulates expression of 16 miRNAs including miR-29a/c-3p in fetal endothelial cells. In addition, preeclampsia-induced downregulation of miR29a/c-3p may impair fetal endothelial cell migration by disturbing the FGF2-stimulated PI3K-AKT1 pathway. Though more studies are necessary, these observations suggest that preeclampsia-induced downregulation of miRNAs in fetal endothelial cells might contribute to early fetal programming that may be associated with developmental origins of cardiovascular diseases of preeclampsia offspring (10, 11) , as impaired angiogenesis is a hallmark of various cardiovascular diseases.
Perspectives
Although the concept of fetal origins of adult diseases is widely accepted, reliable molecular biomarkers for predicting late-life vascular disorders are not welldefined. Dysregulation of miRNAs has been linked with preeclampsia; however, the mechanisms underlying such miRNAs dysregulation and miRNAs' roles in maternal and fetal endothelial function in preeclampsia are still not well understood. If clinical importance of these preeclampsia-associated DE-miRNAs in fetal endothelial cells are fully confirmed, they may serve as novel risk predictors for the development of cardiovascular diseases in preeclampsia offspring later in life.
